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Abstract
First we give a review of the spurion formalism and the exact renor-
malization group equations for soft supersymmetry breaking parameters
in general gauge theories. Next we discuss the minimal supersymmetric
standard model coupled to superconformal theories leading to hierarchical
Yukawa couplings by large anomalous dimensions of quarks and leptons.
The soft scalar masses are found to satisfy the noble sum rule in IR regime.
It is possible construct the models such that the degenerate squark/slepton
masses are realized thanks to this IR sum rule. However, it is found also
that this degeneracy is slightly broken mainly by the radiative corrections
of the SM gaugino mass insertion. We show that the degeneracy is suffi-
cient for the squark sector, but weak for the slepton sector to avoid the
supersymmetric flavor problems.
1 Exact RG for soft SUSY breakings
1.1 Soft SUSY breakings and spurion superfields
SUSY has been expected to realize the high energy theories in solving the gauge
hierarchy problem. This is based on the fact that UV sensitivity is reduced to
logarithmic, i.e. absence of quadratic divergence, ensured by supersymmetry
and renormalizability. While SUSY must be broken at TeV scale. The SUSY
breaking terms should be introduced so as not to generate power divergences.
Such SUSY breakings are called soft in supersymmetric theories. The type of
soft SUSY breaking parameters have been clarified for renormalizable theories by
using spurion method [1]. We note that all terms with dimension less than 4 are
not allowed.
There have been proposed various SUSY breaking and mediation mechanisms.
On the other hand Minimal Supersymmetric Standard Model (MSSM) must be
compatible with severe constraints from precision experiments. In order to see
a given high energy model to satisfy the constraints or not, we need the RG
framework for soft SUSY breaking parameters.
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It has been known that the RG equations for the soft SUSY breaking pa-
rameters can be derived from the beta functions in the rigid theories. This
correspondence is exact in the sense of all order perturbation theory. Therefore
non-perturbative analysis is totally beyond our present scope. In this formalism
also the spurions are found to be quite useful [1, 2]. However it is rather recent
that the formalism for the “exact” RG for soft parameters have been completed.
In this section we review the formalism of the exact RG for soft SUSY breaking
parameters and try to sum up the findings spreading in the literatures [2, -,14].
Let us start the review to see what kinds of the soft breaking parameters are
allowed. Actually the proof relies heavily on the renormalizability of the theory.
So we first discuss how renormalizability remove quadratic divergences in super-
symmetric theories. There we use the superfield Feynman rules in perturbation
theory [15].
We consider the general renormalizable Lagrangian given by
L =
∫
d4θφ†ie
V φi +
∫
d2θW (φ) + h.c +
∫
d2θ
1
2g2
TrW αWα + h.c. (1)
First we see θ integration in the N = 1 super-Feynman rules. The superfield
propagators are all local in the θ coordinate and are given explicitly by
〈φ†iφ
j〉 =
1
p2 +m2
δji δ
4(θ − θ′) (2)
〈φiφj〉 =
mD2
4p2(p2 +m2)
δijδ4(θ − θ′) (3)
〈V AV B〉 = −
1
p2
δABδ4(θ − θ′) (4)
Let us count degrees of divergence for Feynman diagrams. For each vertex
∫
d4θ
integration and four covariant derivatives D or D¯ are attached. If there are E
external legs of chiral superfields, then the number of covariant derivatives is
reduced by 2E. For each loop with n vertices, the θ integrations are reduced by
partial integration and by using the formula, D2D¯2D2 = 16✷D2, to
Γ ∼
∫
d4θ1
∫
d4θnδ
4(θ1 − θn)(D
2
n)
l(D¯2n)
kδ4(θn − θ1), (5)
where k, l are 0 or 1. Therefore the θ integration does not vanish, only if k = l = 1.
Thus the n-point Green functions are always given by the form of
Γ =
∑
n
∫
d4x1 · · ·
∫
d4xn
∫
d4θG(x1, · · · , xn)f(φ, V,D
αφ, · · ·) (6)
Here the famous non-renormalization of the superpotential follows, 1 since the
radiative corrections appears only with
∫
d4θ integration.
1 The non-renormalization is also shown by a simple argument based on holomorphic prop-
erty of the superpotential. For the proofs in this line, see Ref. [16, 17].
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Now it is seen that the degree of divergence D is given by
D = 4L− 2P − C + 2V − E − 2L = 2− C −E, (7)
where L, P, C, V and E denote the number of loops, propagators, chiral prop-
agators, 〈φφ〉 and 〈φ†φ†〉, vertices, and chiral external lines respectively. By
taking into account of the gauge invariance, 2 we find that the divergence is at
most logarithmic. Thus the naturalness of supersymmetric theories relies on the
renormalizability. For example, if the superpotential contains φ4 term, which is
non-renormalizable, then the quadratic divergence appears [18].
The SUSY breaking terms can be incorporated into the superspace perturba-
tion by using spurion superfields. For example, the scalar mass term m2φ†φ is
rewritten as
∫
d4θUφ†φ by introducing a spurion superfield U = m2θ2θ¯2. Thus,
what ensures absence of quadratic divergence in softly broken theories is again
renormalizability. If all the SUSY breaking terms represented by means of spu-
rions do not destroy renormalizability, then divergences are at most logarithmic.
Therefore the vertex containing a spurion superfield, which is treated as an exter-
nal field in perturbation, should not carry more than four covariant derivatives.
Thus the soft terms are restricted to the followings,
Lsoft = −
∫
d4θ(m2
j
iθ
2θ¯2)φ†jφ
i −
∫
d2θ(Mθ2)
1
g2
TrW αWα
−
∫
d2θ
1
2
(µijθ
2)φiφj −
∫
d2θ
1
6
(hijkθ
2)φiφjφk − h. c., (8)
which represent the soft scalar masses, B-terms, tri-linear scalar couplings and
the gaugino masses. Note that, for example, the fermion mass term given by∫
d4θ(mθ2θ¯2)DαφDαφ gives a hard breaking, though the dimension of this term
is less than four.
1.2 Softly broken Wess-Zumino models
In this sub-section we derive the RG equations for softly broken Wess-Zumino
model, whose Lagrangian is given by
L =
∫
d4θ(1−m20iθ
2θ¯2)φ†iφ
i +
∫
d2θ
1
6
(y0ijk − h0ijkθ
2)φiφjφk + h.c., (9)
where the superscript 0 shows that the coupling is bare. Owing to the non-
renormalization of the super potential, the effective Lagrangian is given by 3
Leff =
∫
d4θZ˜i(θ, θ¯)φ
†
iφ
i +
∫
d2θ
1
6
(y0ijk − h0ijkθ
2)φiφjφk + h.c.. (10)
2 In abelian gauge theory, the formula (7) gives D = 2 for the Fayet-Iliopoulos D-term,∫
d4θξV . However this D-term does not receive radiative corrections, since TrY = 0 must be
guaranteed to avoid gravitational and chiral anomalies [19].
3The Z-factor introduced here may be inverse of the conventional one.
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Here we have ignored mixings among the chiral superfields. Since the mixing
effects does not change the argument significantly, let us assume the wave function
renormalization to be diagonal for a moment. The RG formulae with mixing is
shown in Appendix.
It should be noted that the renormalization of (anti-)chiral superfields must
be also (anti-)chiral. Therefore we need to extract the (anti-)chiral wave function
renormalization factors as [6]
Z˜i(θ, θ¯) = Z˜
†
φi(θ¯)(1−m
2
i θ
2θ¯2)Z˜φi(θ), (11)
where m2 is nothing but the soft scalar mass. By expanding Z˜ into Z˜ = Z +
Z(1)θ2 + Z¯(1)θ¯2 + Z(2)θ2θ¯2, we may represent the chiral wave function factors
explicitly also in terms of the components as
Z˜φi(θ) = Z
1/2
i
(
1 + Z−1i Z
(1)
i θ
2
)
. (12)
By using these chiral wave function superfields, we may define the renormalized
couplings yijk and hijk by
Yijk(θ) ≡ yijk − hijkθ
2 = Z˜−1φi (θ)Z˜
−1
φj (θ)Z˜
−1
φk (θ)(y0ijk − h0ijkθ
2). (13)
It is found that the RG equations for the chiral superfield Yijk are given by
µ
dYijk
dµ
= −
(
d ln Z˜φi
d lnµ
+
d ln Z˜φj
d lnµ
+
d ln Z˜φk
d lnµ
)
Yijk. (14)
Here let us introduce superfield generalization of the anomalous dimensions by
using Z˜ as
γ˜i(θ, θ¯) ≡ −
d ln Z˜i
d lnµ
= γi + γ
(1)θ2 + γ¯(1)θ¯2 + γ(2)θ2θ¯2, (15)
where γi are nothing but the ordinary anomalous diemnsions. Then the RG
equations for yijk and hijk are immediately derived from the superfield equation
given by (14) and found to be
µ
dyijk
dµ
=
1
2
(γi + γj + γk) yijk,
µ
dhijk
dµ
=
1
2
(γi + γj + γk) hijk −
(
γ
(1)
i + γ
(1)
j + γ
(1)
k
)
yijk. (16)
In this stage we do not know the explicit form of γ(1) or γ¯(1), therefore, the beta
functions for the trilinear couplings hijk either.
Fortunately the singular part of Z˜i, i.e. γ˜i are found to be given, once the
wave function renormalization Zi for the rigid theories are known. Explicitly the
wave function superfields Z˜i are related with their rigid ones through [6]
Z˜i(θ, θ¯) = Zi(y˜ijk, y˜
†
ijk), (17)
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where we introduced a new coupling superfield given by
y˜ijk = Yijk +
1
2
(m2i +m
2
j +m
2
k)yijkθ
2θ¯2. (18)
There have been known two kinds of arguments explaining this. The first one
is based on the superfield Feynman rules [5, 6]. It is noted that the superfield
propagators in the softly broken theories are modified from the rigid ones;
〈φiφ†j〉soft =
(
1 +
1
2
m2i θ
2θ¯2
)
〈φiφ†j〉rigid
(
1 +
1
2
m2jθ
2θ¯2
)
. (19)
The factors with the soft scalar masses may be absorbed by redefining the Yukawa
coupling superfields appearing in the superfield Feynman rules to y˜ijk given by
(18) as far as the singular parts of the diagrams are concerned.
The coupling superfields given by (18) are supported also by the symmetry
argument as follows [12, 13]. Once we suppose that the coupling superfields are
not spurions but dynamical, then the softly broken theories enjoy a global U(1)cφi
symmetry corresponding to each chiral superfield φi. Here the subscript c denotes
the complex extension. Explicitly the transformation laws are given with chiral
superfields T˜i as parameters by
φi → eT˜iφi, φ†i → φ
†
ie
¯˜T i ,
Y0ijk → e
−T˜iY0ijk,
Z˜i → e
−
¯˜T iZ˜ie
−T˜i . (20)
The physical quantities should be invariant under each U(1)cφi transformation.
The obvious invariant is the soft scalar mass m2i = − ln Z˜i|θ2θ¯2 . Also the combi-
nation Y0ijkZ˜
−1
i Y
†
0ij′k′ gives another invariant. Therefore each contraction between
the Yukawa couplings should be accompanied with the factor (1+m2i θ
2θ¯2), which
is realized with the extension given by (18).
Thus the components in the superfields of anomalous dimensions γ˜ are given
explicitly from the rigid anomalous dimensions γ as functions of Yukawa cou-
plings. By introducing the following differential operators,
D1 = −hijk
∂
∂yijk
,
D2 = D1D¯1 +
1
2
(
m2i +m
2
j +m
2
k
)(
yijk
∂
∂yijk
+ y¯ijk
∂
∂y¯ijk
)
, (21)
those are given explicitly by γ
(1)
i = D1γi, γ¯
(1)
i = D¯1γi and γ
(2)
i = D2γi. Resultantly
we arrive at the “exact” beta functions for the soft SUSY breaking parameters
as well as Yukawa couplings, which are found to be
µ
dyijk
dµ
=
1
2
(γi + γj + γk) yijk,
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µ
dhijk
dµ
=
1
2
(γi + γj + γk) hijk − (D1γi +D1γj +D1γk) yijk,
µ
dm2i
dµ
= D2γi. (22)
1.3 Softly broken supersymmetric gauge theories
In this subsection we extend the arguments to the gauge theories, whose La-
grangian is given by
L =
∫
d4θφ†ie
V φi +
∫
d2θS0TrW
αWα + h.c., (23)
where S0 = 1/2g
2
h0−iΘ/16π
2 is a holomorphic combination of the bare gauge cou-
pling and the vacuum angle. By the holomorphy argument, it is shown that the
holomorphic gauge coupling gh is renormalized only at 1-loop [16, 17]. Explicitly
the RG equation for the holomorphic coupling is given by
µ
dS
dµ
=
1
16π2
(
3TG −
∑
i
Ti
)
, (24)
where TG = C2(G) and Ti = T (Ri) for the gauge representation Ri of the chiral
superfield φi.
It has been known for some time that this holomorphic gauge coupling is not
the physical coupling defined as the 1PI vertex function [20, 21]. The relation
between these couplings are found to be
8π2(S + S†)−
∑
i
Ti lnZi = F (α)
=
1
α
+ TG lnα +
∑
n>0
anα
n, (25)
where α = g2/8π2 and an are scheme dependent constants. The so-called Novikov-
Shifman-Veinstein- Zaharov (NSVZ) scheme corresponds to the case of an = 0 for
all n. Explicit relations between the NSVZ scheme [20] and dimensional reduction
(DRED) scheme have been also found up to four-loop order in perturbation [11].
It should be noted that the right hand side of eq. (25) is an invariant under the
global U(1)cφ symmetry [12, 13]. The transformations with a complex parameter
T are given by
φi → φieT ,
Zi → e
−T¯Zie
−T ,
S → S −
T
8π2
∑
i
Ti. (26)
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The shift in the transformation of the gauge coupling follows from the Konishi
anomaly [22], which is supersymmetric extension of the chiral anomaly.
The “exact” beta function for the gauge coupling is derived from the relation
given by (25). By noting that the holomorphic gauge coupling satisfies the one
loop RG equation (24), the beta function is found to be
βα = µ
dα
dµ
=
1
F ′(α)
[
3TG −
∑
i
Ti(1− γi)
]
, (27)
where γi denotes the anomalous dimension for φ
i and is defined by
γi = −d lnZi/d lnµ. (28)
In the NSVZ scheme, the beta function is given by
βα = −
α2
1− TGα
[
3TG −
∑
i
Ti(1− γi)
]
. (29)
Now we discuss the softly broken gauge theories. The soft scalar masses and
the gaugino mass are incorporated in the effective Lagrangian by using spurion
superfields as
Leff =
∫
d4θZ˜iφ
†
ie
V φi +
∫
d2θS˜TrW αWα + h.c.. (30)
Here the spurions are given explicitly in terms of the gaugino mass M and the
soft scalar masses m2i as
S˜ =
1
g2h
(1− 2Mθ2),
Z˜i = Z˜φi(1−m
2
i θ
2θ¯2) ˜¯Zφi . (31)
The spurion superfield corresponding to the physical gauge coupling may be
obtained by extending the relation between the holomorphic and the physical
couplings to superfields;
8π2(S˜ + S˜†)−
∑
i
Ti ln Z˜i = F (α˜). (32)
Then it is found immediately that the spurion for the gauge coupling should be
introduced as
1
g˜2
=
1
g2
(
1−Mθ2 − M¯θ¯2 −∆gθ
2θ¯2
)
(33)
or for α = g2/8π2,
α˜ = α
(
1 +Mθ2M¯θ¯2 + (2MM¯ +∆g)θ
2θ¯2
)
. (34)
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Here ∆g is also found to be
∆g =
1
αF ′(α)
[∑
i
Tim
2
i − (α
2F ′(α))′MM¯
]
. (35)
In the NSVZ scheme, it is reduced to
∆g = −
α
1− TGα
[∑
i
Tim
2
i − TGMM¯
]
. (36)
which coincides with the known result found through different arguments [8, 10].
At a glance ∆g may seem to be irrelevant, since it does not remain in the
Lagrangian after θ integration. In practice, however, the RG equations for soft
scalar masses depend on this factor, as is seen later on. Especially ∆g plays a
significant role to realize the IR sum rules among soft scalar masses in supercon-
formal theories, which will be discussed in the next section. Historically, necessity
of such a factor was recognized by comparing with the perturbative results in
DRED scheme. There the 2-loop beta function for the soft scalar mass depends
on the “ǫ-scalar” mass, which is induced by radiative corrections. However it is
possible to remove this “ǫ-scalar” mass dependence in a modified scheme, DRED’
[3]. In this scheme, in turn, ∆g must be introduced [7].
4 Afterwards the exact
form given by (36) has been found on the RG invariant trajectory [8]. General
validity of the formula has been also confirmed by comparison with perturbative
results obtained in DRED’ scheme [10]. It has been also claimed that ∆g is nec-
essary to be introduced even when assuming supersymmetric regularization and
is identified with a soft SUSY breaking mass for the ghost superfield [14].
Now it is rather simple task to derive the RG equations for all soft SUSY
breaking parameters in gauge theories with general Yukawa interactions by per-
forming Grasmannian expansion. It is important to note that the singular part
of the wave function renormalization Z˜i may be given from the rigid one as
Z˜i = Zi(α˜, y˜ijk, ˜¯yijk). (37)
Then the differential operators D1 and D2 are extended to
D1 = Mα
∂
∂α
− hijk
∂
∂yijk
, (38)
D2 = D¯1D1 + (MM¯ +∆g)α
∂
∂α
+
1
2
(
m2i +m
2
j +m
2
k
)(
yijk
∂
∂yijk
+ y¯ijk
∂
∂y¯ijk
)
. (39)
4 The relation between θ2θ¯2 component of the gauge coupling spurion superfield and the
“ǫ-scalar” mass is discussed also in Ref. [13]
8
Consequently the RG equations for the gaugino mass, the tri-linear couplings and
the soft scalar masses are obtained as
µ
dM
dµ
= µ
d ln α˜
dµ
∣∣∣∣∣
θ2
= D1
(
βα
α
)
, (40)
µ
dhijk
dµ
=
1
2
(γi + γj + γk) hijk − (D1γi +D1γj +D1γk) yijk, (41)
µ
dm2i
dµ
= D2γi. (42)
These equations are valid in all orders of perturbation theory.
1.4 RG invariant relations
It is remarkable that the spurion formalism enable us to find the RG equations for
all soft SUSY breaking parameters, once we know the beta functions in the rigid
theories. However the spurion formalism tells us more than that. Interestingly the
fact that the spurion superfields satisfy the RG equations, automatically ensures
existence of RG invariant relations for the soft parameters [23].
Suppose spurion superfields Xi satisfy the RG equations µ(dXi/dµ) = βi(X).
After expanding the superfields into Xi = xi + yiθ
2 + y¯iθ¯
2 + ziθ
2θ¯2, the RG
equations for the components, which are regarded as couplings, are easily found
to be
µ
dxi
dµ
= βi(x),
µ
dyi
dµ
=
∑
j
yj
∂βi
∂xj
(x),
µ
dzi
dµ
=
∑
j
zj
∂βi
∂xj
(x) +
1
2
∑
k,l
yky¯l
∂2βi
∂xk∂xl
(x). (43)
On the other hand, if there are the RG invariant relations among couplings
given by
yi(µ) = fi (x(µ)) ,
zi(µ) = gi (x(µ)) , (44)
for all µ, then the couplings must satisfy also the following equations,
µ
dyi
dµ
=
∑
j
βj(x)
∂fi
∂xj
(x),
µ
dzi
dµ
=
∑
j
βj(x)
∂gi
∂xj
(x). (45)
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From eqs. (43) and eqs. (45), it is seen that the functions fi and gi are subject to
some differential equations. By solving these equations, we may find the general
RG invariant relations;
yi = κβi(x),
zi =
1
2
|κ|2
∑
k
βk(x)
∂βi
∂xk
(x) =
1
2
|κ|2µ
dβi
dµ
, (46)
where κ is an integration constant.
By applying the above argument to the spurion superfields appearing in the
supersymmetric gauge-Yukawa theories, we can find out the RG invariant rela-
tions for the soft SUSY breaking parameters. The results are as follows;
M = κ
βα
α
, (47)
hijk = −κβyijk , (48)
Bij = −κβµij , (49)
(m2)ji =
1
2
|κ|2µ
dγji
dµ
. (50)
Eq. (47) was firstly discovered by Hisano and Shifman [4]. It should be noted
also that these relations are nothing but the conditions for the soft parameters
obtained in anomaly mediated SUSY breaking scenario [24], where the parameter
κ is the garavitino mass.
2 IR behavior of sfermion masses in MSSM cou-
pled to SCFTs
2.1 Yukawa hierarchy by large anomalous dimensions
In this section, we discuss the interesting models proposed recently by Nelson
and Strassler [25], which may realize Yukawa hierarchy dynamically. Specially
we focus on degeneracy of low energy squark and slepton masses in the general
models of this type [26, 27]. In this study, it is found that the “exact”” RG
equations for soft SUSY breaking parameters discussed in the previous section
are found to be quite useful.
Hierarchical structure of the fermion mass matrices has been one of the mys-
teries in particle physics. Recently this problem has been more attractive stim-
ulated by findings of neutrino oscillation. The most popular scenario leading to
fermion mass hierarchy is the Froggatt-Nielsen mechanism [28], where the effec-
tive Yukawa couplings are suppressed accordingly to flavor dependent charges
nqi of quarks/leptons under an extra U(1)X symmetry. With introducing a SM
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gauge singlet field χ with U(1)X charge −1, the non-renormalizable interactions
are allowed in the superpotential;
W = y˜ij
(
χ
M0
)nqi+nqj
qiqjH, (51)
where M0 is cutoff scale of the theory. In this scenario, we suppose that only
the U(1)X charges generate large flavor dependence, and take the bare couplings
y˜ij to be O(1). If this singlet χ acquires vacuum expectation value of Mc, then
the non-renormalizable interactions are reduced to the Yukawa interactions with
hierarchical couplings given by
yij ∼
(
Mc
M0
)nqi+nqj
. (52)
Indeed we may explain the fermion masses and mixings by using this type of
Yukawa matrices with assigning the U(1)X charges properly.
Nelson and Strassler showed that such Yukawa matrices are realized also by
assuming additional interactions of quarks/leptons with unknown strongly cou-
pled sectors, which are (nearly) on the superconformal (SC) fixed points. In order
to see this mechanism, let us consider N=1 supersymmetric SU(Nc) QCD with
Lagrangian,
L =
∫
d4θ
(
Q†fe
−VQf + Q¯fe
−V Q¯†f
)
+
1
2g2
∫
d2θTrW 2 + h.c.. (53)
It has been known for some time [29] that there exists a IR fixed point if the
number of flavors Nf lies in the so-called conformal window, 3/2Nc < Nf < 3Nc.
There the gauge beta function must vanish. The exact beta function in NSVZ
scheme given by
βg = µ
dg
dµ
= −
g3
16π2
3Nc −Nf (1− γQ)
1− Nc
8pi2
g2
(54)
tells us that the anomalous dimensions of Q at the fixed point γ∗Q is exactly
determined and is found to be
− 1 < γ∗Q = −
3Nc −Nf
Nf
< 0. (55)
We note that this anomalous dimension is negative and order of one in general.
Now we introduce a singlet field q with the superpotentialW = λqQ¯1Q1. Then
this interaction is relevant at the IR fixed point of the QCD due to the negative
anomalous dimension ofQ1 and Q¯. Therefore the Yukawa coupling λ, hereafter we
call it SC-Yukawa coupling, grows rapidly. The RG flows towards IR are shown in
Fig. 1, in which A stands for the QCD fixed point. The flow line starting near the
fixed point approaches to a new fixed point B. At this IR attractive fixed point,
11
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Figure 1: RG flows of N=1 SQCD with Yukawa interaction
the beta function for the SC-Yukawa coupling, βλ = (1/2)(γq + 2γQ1)λ, as well
as the gauge beta function should vanish. Therefore the anomalous dimension of
q is determined to be γ∗q = −2γ
∗
Q1, which is positive and order of one.
Now we suppose that quark/lepton superfields qi couple to Φi and Φ¯i in the
SC-sector through the superpotential
W = λiqiΦ¯iΦi + yijqiqjH, (56)
where H is the SM Higgs and yij are the Yukawa couplings to be hierarchical in
the end. In the Nelson-Strassler model the flavor dependence is generated by the
SC dynamics giving different anomalous dimensions for the SC-sector field such
as γ∗Φ1 < γ
∗
Φ2
< · · · < 0. Then the anomalous dimensions of the quarks/leptons
at the IR attractive fixed point become γ∗q1 > γ
∗
q2 > · · · > 0. As results, the
Yukawa couplings yij decrease rapidly with power of γ
∗
qi
+ γ∗qj , which give rise to
the hierarchical structure at low energy. Here note also that mixed terms like
λ′2q1Φ¯2Φ2, which are allowed by the symmetry, are irrelevant at the fixed point.
Namely the structure of generation in the quarks/leptons are determined by the
interaction with the SC-sector.
However, the SC-Yukawa interaction should terminate at a certain scale to
produce realistic Yukawa couplings. Therefore we also assume that all the SC-
fields decouple from the SM-sector at scale Mc, for example, by mass terms
McΦ¯iΦi. Then the Yukawa couplings in the SM model turn out to be
yij ∼
(
Mc
M0
)γ∗qi+γ∗qj
yij(M0) (57)
at low energy. Thus the hierarchical Yukawa matrix of the Froggatt-Nielsen type
can be realized. In this scenario we may consider the model so that the third
12
generation, at least top quark, does not couple to the SC-sector for the order
one Yukawa coupling. It should be noted also that the tri-linear couplings also
become hierarchical with the same mechanism.
2.2 IR sum rules for soft scalar masses in SCFTs
It is very non-trivial for supersymmetric models to be compatible with constraints
from precision experiments of FCNC, LFV, EDM and so on [30]. In order to
avoid the so-called supersymmetric flavor problem, there have been proposed
three types of solutions for the soft scalar mass matrices of squarks/sleptons; 1.
degenerate masses [31], 2. alignment to Yukawa matrices [32] and 3. decoupling
of the first and the second generations [33]. As for the degenerate solution, it
is rather non-trivial to make masses of quarks/leptons hierarchical with keeping
the squark/slepton masses to be flavor universal. Related to the Froggatt-Nielsen
mechanism, therefore, possibilities of the alignment [32] and the decoupling so-
lutions [34] have been investigated.
However totally successful models have not been known. For example, the
decoupling solution may be naturally realized in the anomalous U(1)X SUSY
breaking scenario due to the flavor dependent D-term contributions [34]. On
the other hand, however, it has been also claimed that the heavy squarks in the
first and the second generations make the radiative EW breaking unstable [33]
and even bring about color breaking by tachyonic s-top [35]. Hence, mechanisms
leading to Yukawa hierarchy with naturally avoiding the supersymmetric flavor
problems are highly desired.
The remarkable property of the Nelson-Strassler models is not only to generate
flavor hierarchy. Interestingly enough, these models have possibility to realize de-
generate squark/slepton masses in low energy irrespectively of the SUSY breaking
dynamics. The key observation is the soft scalar masses can be suppressed owing
to strong interaction with the SC-sector [36, 37]. After the SC-sector is decou-
pled, the soft masses grow slowly by radiative corrections from the SM gaugino
masses, which are flavor blind. Therefore it may be expected that masses of the
first and the second generation sfermions become degenerate and the supersym-
metric flavor problem is also avoided.5 A sketch of running sfermion masses in
the Nelson-Strassler model is shown in Fig. 2.
In this subsection, we examine the behavior of soft scalar masses added to
general superconformal gauge theories by using the exact RG equations for them.
As results, it is found that the soft scalar masses enjoy sum rules at IR [26, 27].
Actually we can construct models coupled to SCFTs such that the suppression
of squark/slepton masses are guaranteed thanks to these sum rules.
5 Here we concern only the block diagonal part of squark/slepton mass matrices, i.e. (m2)LL
and (m2)RR, which are given by the soft scalar masses. The off-diagonal parts, (m
2)LR induced
from the tri-linear couplings are less problematic due to alignment. For studies of experimental
constraints for the off-diagonal parts, see Ref. [27].
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Figure 2: A sketch of running sfermion masses.
Now we suppose a SCFT on a IR attractive fixed point. Then, by definition,
any infinitesimal variation of the gauge coupling g and the Yukawa coupling yijk
from their fixed point values should decrease towards IR. This is represented
explicitly as follows. The linear perturbation of the coupled RG equations for
α = g2/8π2 and αijky = |y
ijk|2/8π2 around the fixed point gives the equations
given by
µ
d
dµ
(
δα
δαlmny
)
=


∂βα
∂α
∣∣∣
∗
∂βα
∂αijky
∣∣∣∣
∗
∂βlmnαy
∂α
∣∣∣∣
∗
∂βlmnαy
∂αijky
∣∣∣∣
∗


(
δα
δαijky
)
, (58)
where |∗ stands for evaluation at the fixed point. The IR attractive nature implies
that the matrix appearing in this equation is positive definite.
The spurion formalism discussed in the previous section enables us to see
behavior of soft SUSY breaking parameters added to this SCFT quite easily. We
note that the spurion superfields corresponding to α and αijky satisfy the same
RG equations as the rigid ones,
µ
dα˜
dµ
= βα(α˜, α˜y),
µ
dα˜ijky
dµ
= βijkαy (α˜, α˜y). (59)
The Grassmanian expansion with respect to θ2 and θ¯2 of these equations gives us
the RG equations for the soft SUSY breaking parameters. Since the RG equations
for the gauge coupling and the Yukawa coupling are not modified, we fix them
to be the fixed point values. Then the Grassmanian expansion corresponds to
the linear perturbation of the RG equations around the fixed point. In other
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words, the θ2 and the θ2θ¯2 parts satisfy the exactly same equation given by (58)
respectively.
From the θ2 terms of the spurions, the infinitesimal variations in eqn. (58)
may be replaced as δα = α∗Mθ
2 and δαijky = −(1/8π
2)y¯ijk∗ h
ijkθ2. Therefore the
gaugino massM and the tri-linear couplings hijk are found to be suppressed with
a certain power of scale. In the NSVZ scheme, the θ2θ¯2 terms are given by
δα = −
α2∗
1 − TGα∗
∑
i
Tim
2
i θ
2θ¯2
δαijky = α
ijk
y∗ (m
2
i +m
2
j +m
2
k)θ
2θ¯2, (60)
where we have omitted M and hijk. Thus it is found that the soft scalar masses
satisfy the IR sum rules,6
∑
i
Tim
2
i → 0,
m2i +m
2
j +m
2
k → 0. (61)
Note that the second condition holds for each Yukawa coupling yijkφ
iφjφk.
So far we have assumed the soft scalar masses to be flavor diagonal. In taking
the mixing effects into considerations, these sum rules are found to be valid
among the diagonal components. It can be also shown that each off-diagonal
component of the soft scalar mass matrix is suppressed by power law. For details,
see Ref. [27].
2.3 Convergence of the soft scalar masses and flavor de-
pendence
In the Nelson-Strassler models it is necessary for squark/slepton masses of the first
and second generations vanish at the decoupling scaleMc to realize degeneracy at
low energy. Indeed there exist some types of models in which the sum rules enforce
the squark/slepton masses to be suppressed. The condition for these models is
that the anomalous dimension of quark/lepton superfield is fixed uniquely by the
relations among anomalous dimensions, which follows from the vanishing beta
functions.7
Here let us present a simple toy model with one generation. We consider
SU(3)SC as the gauge group of the SCFT and SU(3)C as the SM gauge group.
The field contents and their representation under the group are as follows;
6 It is speculated that similar sum rules hold in the presence of non-renormalizable interac-
tions in the superpotential of SCFT [25, 26].
7 This condition may be restated that the R-charge of quark/lepton superfield is uniquely
fixed.
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Q Q¯ P P¯ qi q¯i H
SU(3)SC 3 3¯ 3 3¯ 1 1 1
SU(3)C 3¯ 3 3 3¯ 3 3¯ 1
We also assume the superpotential given by
W = λ(q1Q¯P + q¯1P¯Q) + yiq¯iqiH (62)
Then the IR sum rules are found to be
m2Q +m
2
P +m
2
Q¯ +m
2
P¯ → 0,
m2q1 +m
2
Q¯ +m
2
P → 0,
m2q¯1 +m
2
Q +m
2
P¯ → 0. (63)
From these equations, it follows that m2q1 + m
2
q¯1
vanishes at IR. Therefore the
squark mass is suppressed by imposing left-right symmetry for their initial val-
ues. Examples of RG flows for the squark (mass)2 with the SM gaugino (mass)2
in this model are shown with various initial values in Fig. 3. There t denotes
ln(µ/M0). Thus the information of the bare squark masses are completely lost at
the decoupling scale (t = −3 in Fig. 3).
-10 -8 -6 -4 -2
t
1
2
3
4
m2
Figure 3: RG flows of SM-sector gaugino (mass)2 and squark (mass)2.
However, the Nelson-Strassler models are not exactly superconformal, since
the SM-sector interactions act as weak perturbation. The significant effects ap-
pear through the SM gaugino mass insertions. By taking into account of this
corrections at one loop, the RG equations for the soft scalar masses are changed
to be
µ
dm2i
dµ
=Mijm
2
j −
∑
a=1,2,3
CiaαaM
2
a , (64)
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where Mij stands for the positive definite matrix appearing in eq. (58). Also
αa and Ma denote the gauge couplings and the gaugino masses of the SM gauge
groups of SU(3) × SU(2) × U(1), and Cia = 4C2(Ri). The eigenvalues of the
matrix M are supposed to be order of one in general. It should be noted that
this matrix is necessarily flavor dependent in the Nelson-Strassler models.
With this additional term, the soft scalar masses for squark/slepton do not
disappear, but converge a non-vanishing values at the decoupling scale. Com-
pared with the rapid suppression of the soft scalar masses, the evolution of the
gauge couplings and the gaugino masses in the SM-sector is very slow. Therefore
we may evaluate the convergence as
m2qi →
Cia
Γi
αa(Mc)M
2
a (Mc), (65)
where Γi is the smallest eigenvalue of matrix M. This factor is of order one and
flavor dependent. Thus, though the soft scalar masses are suppressed, small flavor
dependence remains at the decoupling scale in practice. This non-degeneracy ap-
pears as a sizable effect to squark/slepton spectra at the weak scale in considering
the supersymmetric flavor problems.
2.4 Degeneracy of squark/slepton masses in low energy
Before going into the low energy degeneracy of squark/slepton masses, let us see
the gross aspect of their mass spectra. After the SC-sector is decoupled, the
squark/slepton masses are generated by radiative correction with SM gaugino
mass insertion. This correction is flavor blind and may be evaluated at one-loop
perturbation. For the doublet squark, the mass squared at the weak scale is given
by
m2Qi(MZ) = m
2
Qi(MC) +
8
9
[
α23(MZ)
α23(MC)
− 1]M23 (Mc) + · · · . (66)
If we use the GUT relation for the gaugino masses, Ma(µ) = αa(µ)M , then this
relation may be represented also as
m2Qi(MZ)−m
2
Qi(Mc) =
8
9
[
α23(MZ)− α
2
3(Mc)
]
M2 + · · · . (67)
Since the soft masses for the first two generations at the decoupling scale is
suppressed, the low energy masses are determined by the radiative corrections.
Then ratio of squark/slepton masses and the gluino mass M3 is fixed, once the
decoupling scale is given. In Fig. 4 these ratio are plotted for some range of
the decoupling scale. The dotted lines represent the ratio of M2 and M1 to M3.
It is seen that the right-handed slepton appears as the lightest supersymmetric
particle (LSP). This is because the right-handed slepton carries only U(1) charge,
and, therefore, the radiative correction is small. However the LSP must be either
the lightest neutralino or the sneutrino, unless R-parity is violated.
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Figure 4: Ratio of sfermion masses (bold line), M2, M1 to M3.
In the Nelson-Strassler model the LSP problem may be ameliorated by con-
sidering the hypercharge D-term contribution. Actually the hypercharge D-term
contribution cannot be ignored for slepton masses. Now the interaction with the
SC-sector does not constrain soft masses of the third generation sfermion or higgs
particles. Therefore the D-term contribution given by S =TrY m2i (Mc) is not de-
termined. In Fig. 5, the low energy right-handed slepton mass is shown in ratio
to M3 in the case of S = 0 and S = −0.5M
2
3 . It is seen that the LSP problem
can be avoided, as long as the decoupling scale is larger than some intermediate
scale, say, 1010GeV.
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Figure 5: U(1)Y D-term contribution to right handed slepton mass.
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Finally we examine how good degeneracy between the low energy sfermion
masses of the first two generations can be achieved in the Nelson-Strassler models.
The important quantities in the view point of flavor changing processes are the
off-diagonal elements of the soft scalar masses in the base that quark/lepton
masses are diagonalized. These are usually represented as (δq12)LL or (δ
q
12)RR in
the literatures. In the original base, the off-diagonal elements are suppressed
enough by the strong interaction with the SC-sector. Therefore, what we should
evaluate here is the degree of splitting among the diagonal components of the
soft scalar mass matrices;
δq12 =
m2q2 −m
2
q1
m¯2q
, (68)
where m¯2q denotes average of the diagonal masses of squarks/sleptons q. Then
the off-diagonal elements (δq12)LL or (δ
q
12)RR may be obtained by δ
q
12 times the
mixing angle of the quarks/leptons.
The splitting obtained in the Nelson-Strassler model is now evaluated as
δq12 = ∆q˜
(
1
Γ2
−
1
Γ1
)
, (69)
∆q˜ = Cqaαa(Mc)
M2a (Mc)
m¯2q(MZ)
. (70)
Here the factor Γi are model dependent but ∆q˜ is determined without any am-
biguities except for the decoupling scale Mc. It should be noted here that the
quantity ∆q˜ are independent of the gaugino mass M , since the average mass m¯q
is also proportional to M .
In Fig. 6 and 7, ∆q˜ are explicitly shown for q = Q, d, L and e for some range of
the decoupling scale. The result for q = u is similar to those for q = d, therefore
has been omitted. As results, degeneracy of squark masses is found to be less than
1%. This value is good enough in avoiding the supersymmetric flavor problem.
For example, (δd12)LL is reduced to be less than 0.2% due to the Cabbibo angle,
which satisfies the experimental bound from K0-K¯0 mixing [30].
However the degeneracy in the slepton sector is not strong as the squarks.
Especially for the right-handed sleptons e˜, the expected degeneracy is at most a
few %. Therefore the constraints from lepton flavor violation (LFV) processes,
e.g. µ → e + γ, seem severe to be satisfied in general. For models with the
factor Γi ≫ 1, this restriction is ameliorated. There would be other ways of
improving this situation. For example, if the Nelson-Strassler mechanism would
work within the GUT framework, the slepton masses will be significantly changed.
Indeed degeneracy of the right-handed sleptons is found to be mach improved in
the flipped SU(5) GUT [39].
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3 Summary and discussions
In the first section recent development on the exact RG equations for the soft
SUSY breaking parameters was reviewed. There we saw that the spurion formal-
ism is a quite powerful method in discussing the RG. The simple derivation of
the gauge coupling spurion superfield has been given also.
In the second section we have discussed the Nelson-Strassler type of models:
SSMs coupled with SCFTs. First it was shown that the hierarchical texture of
the Yukawa couplings can be realized by large anomalous dimensions for quarks
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and leptons. The interaction with superconformal sector brings about the large
anomalous dimensions. Then behavior of the soft SUSY breaking parameters in
these models are investigated in details. We have found the IR sum rules among
soft scalar masses in the general superconformal field theories. In the proof of
the sum rules also, the exact RG equations and the spurion formalism discussed
in the first section play an essential role. With these IR sum rule, we found the
conditions for the models to realize degenerate sfermion masses at low energy.
It is remarkable that the Nelson-Strassler models offer us possibilities to re-
alize Yukawa hierarchy with avoiding the supersymmetric flavor problem. More-
over the low energy sfermion masses for the first two generations are determined
irrespectively of the SUSY breaking mechanism, or the initial values of SUSY
breaking parameters at cutoff scale. However, it has been pointed out also that
the flavor dependence in the sfermion masses are not completely washed out. In a
realistic case with non-vanishing gauge couplings of the SM sector, the radiative
corrections of SM gaugino mass insertion in RG equations of sfermion masses play
a significant role. These corrections are small but flavor dependent. Therefore
the sfermion masses lose complete universality at low energy.
We have shown explicitly how much degeneracy we obtain between sfermion
masses in the MSSM. For squarks we can have suppression strong enough to avoid
the FCNC problem. On the other hand, for sleptons such suppression was found
to be weak in general.
Lastly let us mention also the possibilities to achieve completely universal
sfermion masses. The origin of non-degeneracy of sfermion masses in the Nelson-
Strassler models lies in that the couplings to the SC-sector are necessarily flavor
dependent. If these couplings are also flavor universal, then we will obtain com-
pletely degenerate masses. Then what about Yukawa hierarchy? Interestingly the
hierarchy of Yukawa couplings in SM-sector can be induced by changing the bare
SC-Yukawa couplings to be flavor dependent. We call such scenarios “Yukawa
hierarchy transfer” [38]. There flavor universality in squark/slepton masses is
compatible with the hierarchical quark/lepton masses. For details, see the report
by Nakano in this proceeding of the Summer Institute.
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A Exact RG equations with mixings
In the section 1. we have been ignoring the field mixing in the effective La-
grangian. In the Appendix we consider the exact RG equations for the soft
SUSY breaking parameters with taking mixing effect into considerations in the
Wess-Zumino models. Actually it is not difficult to incorporate the field mixing
by improving the argument given in section 1 [27].
The effective Lagrangian is given by
Leff =
∫
d4θZ˜(θ, θ¯)jiφ
†
jφ
i +
∫
d4θ
1
6
Y0ijkφ
iφjφk + h.c., (71)
where Y0ijk = (y0ijk − h0ijkθ
2θ¯2) is the chiral spurion superfield of the bare cou-
plings. What to be considered newly is that the wave function renormalization
factors are matrices. We extract the (anti-)chiral part from Z˜ by
Z˜(θ, θ¯)ji = Z˜
†
φ(θ¯)
j
k(δ
k
l − (m
2)kl θ
2θ¯2)Z˜φ(θ)
l
i. (72)
Note that the soft scalar masses also appear as a matrix. By using the chiral
superfield matrix Z˜φ, the renormalized couplings are defined by
Yijk(θ) = yijk − hijkθ
2 = Y0i′j′k′(θ)Z˜
−1
φ (θ)
i′
i Z˜
−1
φ (θ)
j′
j Z˜
−1
φ (θ)
k′
k . (73)
The effective Lagrangian turns out to be invariant under global U(N)cφ trans-
formation in taking spurions as dynamical superfields. The transformations are
extended to
φ → eT˜φ, φ† → φ†e
¯˜T ,
Z˜ → e−
¯˜T Z˜e−T˜ ,
Y0 → Y0
(
e−T˜ ⊗ e−T˜ ⊗ e−T˜
)
, (74)
where T˜ = T˜ (θ) is a matrix of chiral superfield. We also define a matrix superfield
X˜(θ, θ¯)ji =
(
δjk −
1
2
(m2)jkθ
2θ¯2
)
Z˜φ(θ)
k
i , (75)
which satisfies X˜†X˜ = Z˜ and the transformation X˜ → X˜ exp(−T˜ ) under U(N)cφ.
The physical quantities must be invariant under this global symmetry. The
soft scalar masses are again invariant, since (m2)ji = −(ln Z˜)
j
i |θ2θ¯2. The invariant
combination made of the Yukawa coupling superfields is given by
y˜ijk = Y0i′j′k′(X˜
−1)i
′
i (X˜
−1)j
′
j (X˜
−1)k
′
k ,
= yijk − hijkθ
2 +
1
2
[
yi′jk(m
2)i
′
i + yij′k(m
2)j
′
j + yijk′(m
2)k
′
k
]
θ2θ¯2. (76)
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The key point is again that the wave function factor Z˜ is given by replacing the
Yukawa couplings with the invariant combination y˜ in the rigid one; Z˜(θ, θ¯)ji =
Z(y˜, ¯˜y)ji .
Next we introduce the matrix of anomalous dimensions extended to superfield.
By taking account that the anomalous dimensions also must be invariant under
U(N)cφ, we may define them as
γ˜(θ, θ¯)ji =
(
X˜
dX˜−1
d lnµ
+
d(X˜†)−1
d lnµ
X˜†
)j
i
. (77)
If we expand the anomalous dimension matrix superfield with respect to θ2, θ¯2
as γ˜(θ, θ¯) = γ + γ(1)θ2 + γ¯(1)θ¯2 + γ(2)θ2θ¯2, then the each component enjoys the
following relations;
γ = Zφ
dZ−1φ
d lnµ
+
d(Z†φ)
−1
d lnµ
Z†φ, (78)
which gives the hermitian matrix of anomalous dimensions,
γ(1) = X˜
dX˜−1
d lnµ
∣∣∣∣∣
θ2
= D1γ, (79)
γ(2) =
dm2
d lnµ
= D2γ. (80)
Here the differential operators are given explicitly by
D1 = −hijk
∂
∂yijk
, (81)
D2 = D1D¯1 +
1
2
(m2)ab
(
yajk
∂
∂ybjk
+ yiak
∂
∂yibk
+ yija
∂
∂yijb
)
+
1
2
(m2)ba
(
y¯ajk
∂
∂y¯bjk
+ y¯iak
∂
∂y¯ibk
+ y¯ija
∂
∂y¯ijb
)
(82)
Now let us consider the RG equations for the U(N)cφ invariant couplings y˜.
By taking derivative with respect to renormalization scale µ in eq. (76), we obtain
µ
dy˜
dµ
= y˜
(
X˜
dX˜−1
d lnµ
⊗ 1⊗ 1 + 1⊗ X˜
dX˜−1
d lnµ
⊗ 1 + 1⊗ 1⊗ X˜
dX˜−1
d lnµ
)
. (83)
The RG equations for the soft SUSY breaking parameters and the Yukawa cou-
plings may be immediately obtained by expanding this equation with respect to
θ2 and θ¯2. The results are written down neatly by using the differential operators
as
µ
dyijk
dµ
=
1
2
(
yi′jkγ
i′
i + yij′kγ
j′
j + yijk′γ
k′
k
)
, (84)
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µ
dhijk
dµ
=
1
2
(
hi′jkγ
i′
i + hij′kγ
j′
j + hijk′γ
k′
k
)
−
(
yi′jkD1γ
i′
i + yij′kD1γ
j′
j + yijk′D1γ
k′
k
)
, (85)
µ
d(m2)ji
dµ
= D2γ
j
i . (86)
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